The crystal preferred orientation (CPO) of amphibole has a large effect on seismic anisotropy in the crust. Previous studies have reported four CPO types (I-IV) of amphibole, but the genesis of type IV CPO, which is characterized by [100] axes aligned in a girdle subnormal to the shear direction, is unknown. In this study, shear deformation experiments on amphibolite were conducted to find the genesis of type IV CPO at high pressure (0.5 GPa) and temperature (500-700°C). The type IV CPO was found under high shear strain (γ > 3.0), and the sample exhibited grains in a range of sizes but generally smaller than the grain size of samples with lower shear strain. The seismic anisotropy of type IV CPO is lower than that of types I-III. The weak seismic anisotropy of highly deformed amphibole could explain weak seismic anisotropy observed in the middle crust.
Introduction
Seismic anisotropy observed worldwide is a powerful tool for studying the internal structure of the Earth. In the past, there have been many studies on the seismic anisotropy of mantle origin. Recently, increasing number of studies have been conducted on seismic anisotropy in the crust (Bonnin et al., 2010; Huang et al., 2011; Kong et al., 2016; Ozacar & Zandt, 2009; Wenning et al., 2016) . Fluid-saturated cracks (Crampin, 1981) and crystal preferred orientation (CPO) of minerals (Almqvist & Mainprice, 2017) have been considered as the causes of seismic anisotropy in the crust. However, at pressures above 200-250 MPa, most microcracks are closed (Ji et al., 2013) , leading to a negligible effect on seismic anisotropy at middle and lower crust depths. Therefore, to understand seismic anisotropy in the crust, studying CPOs of the minerals in crustal rocks is necessary. It is well known from field (Burg et al., 2005; Rutter et al., 2007) and drilling studies (Gorbatsevich et al., 2002; Kern & Schmidt, 1990 ) that amphibolite is one of the major constituent rocks of the middle to lower crust. Amphibole, the major constituent mineral of amphibolite, is elastically anisotropic (Aleksandrov & Ryzhova, 1961) and has a significant effect on seismic anisotropy in the crust (Mainprice & Nicolas, 1989; Moschetti et al., 2010; Siegesmund et al., 1989; Tatham et al., 2008; Weiss et al., 1999) . Therefore, a study of its CPO is important for understanding seismic anisotropy in the crust and subduction zones (Ji et al., 2013; Jung, 2017) . However, previous research on this topic is mostly based on samples taken from outcrops in the field and the mechanism of CPO formation in amphibole is poorly understood.
In a recent experimental study, the CPO of amphibole was classified into four types, and three among them (types I, II, and III) ( Figure 1a ) were discovered to have formed depending on the temperature and ©2019. The Authors. This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited. Ko & Jung, 2015) . The blue line indicates the shear plane, and the blue arrows indicate the shear direction. (b) Representative pole figures of amphibole with increasing shear strain, which were experimentally found at high pressure (0.5 GPa) and temperatures (500-700°C). The pole figures are presented in an equal-area net and lower hemisphere. A half-scatter width of 15°was used. The color bars indicate the density of data points with a linear scale. The white line indicates the shear plane, and the blue arrows represent the shear direction. N = number of measurements; γ = shear strain. differential stress at a pressure of 1 GPa (Ko & Jung, 2015) . Type I CPO, the most commonly found type in nature (e.g., Aspiroz et al., 2007; Barruol & Kern, 1996; Berger & Stünitz, 1996; Getsinger et al., 2013; Getsinger & Hirth, 2014; Ji et al., 1993; Kern et al., 2001; Mainprice & Nicolas, 1989; Pearce et al., 2011; Siegesmund et al., 1989) , is characterized by [100] axes aligned subnormal to the shear plane and [001] axes aligned subparallel to the shear direction ( Figure 1a ). Type II CPO is characterized by [100] axes aligned subnormal to the shear plane and (010) poles aligned subparallel to the shear direction ( Figure 1a ). Type III CPO is characterized by [100] axes aligned subnormal to the shear plane and both (010) poles and [001] axes forming a girdle on the shear plane ( Figure 1a ). CPO types II and III are less common than type I or IV in nature (e.g., Aspiroz et al., 2007; Cao et al., 2010) .
Unlike the other three types of CPO, type IV CPO of amphibole is characterized by [100] axes forming a girdle subnormal to the shear direction and [001] axes aligned subparallel to the shear direction ( Figure 1a ). CPO type IV is commonly observed in nature (e.g., Aspiroz et al., 2007; Imon et al., 2004; Ji et al., 2013; Lamarque et al., 2016; Llana-Fúnez & Brown, 2012; Tatham et al., 2008) but has not been found in previous experimental studies (e.g., Getsinger & Hirth, 2014; Ko & Jung, 2015) . In previous studies on natural amphibolites, dislocation creep accommodated by subgrain rotation dynamic recrystallization (Aspiroz et al., 2007) and cataclastic deformation by rigid-body rotation in cataclastically flowing fine-grained matrix (Imon et al., 2004) have been pointed to as causes of the formation of the type IV CPO; however, this mechanism remains controversial. It has been noted in several previous studies that type IV CPO in amphibolite was observed in field samples corresponding to pressures of 0.5-0.7 GPa (e.g., Aspiroz et al., 2007; Imon et al., 2004; Ji et al., 2013; Tatham et al., 2008) . Therefore, in this study, we conducted shear deformation experiments on amphibolite at a pressure of 0.5 GPa, which is lower than the pressure used in the previous experimental study (Ko & Jung, 2015) . We studied the CPO development of amphibole at 0.5 GPa pressure and 500-700°C temperatures with increasing shear strain to understand the exact conditions required for the development of type IV CPO of amphibole. In addition, we report the seismic signature of the type IV CPO of amphibole.
Methods
Our starting material was a natural amphibolite collected in Yeoncheon, Korea, same as that used by Ko and Jung (2015) . The sample was massive and composed of hornblende (68%), anorthite (23%), biotite (5%), titanite (3%), and ilmenite (1%). The chemical composition of hornblende was K .18 Na .65 Ca 1.9 Mg 2.2 Mn .03 Fe 2.0 Ti .19 Al .58 (Si 6.4 Al 1.6 ) (OH) 2 , which is classified as ferro-pargasite. The average grain size of amphibole was 20 μm ( Figure S1 in the supporting information), and its CPO in the starting material was almost random (Ko & Jung, 2015) .
The sample of amphibolite was deformed at 0.5 GPa pressure and 500-700°C temperature range by using a modified Griggs apparatus at the School of Earth and Environmental Sciences, Seoul National University, Korea, with the experimental procedures being similar to the previous experimental study (Ko & Jung, 2015) . The CPO of amphibole was measured by electron backscattered diffraction (EBSD) using the HKL system with Channel 5 software at the School of Earth and Environmental Sciences, Seoul National University, Korea. The CPOs of amphibole were plotted using the MATLAB toolbox MTEX (Bachmann et al., 2010) . The EBSD mapping conditions were 2 μm step size, 20 kV acceleration voltage, and 25 mm working distance on samples tilted at 70°. Seismic velocity and anisotropy were calculated using the measured CPO of the deformed amphibole, and the density and elastic constants of amphibole (Brown & Abramson, 2016) , using the Voigt-Reuss-Hill averaging scheme. Detailed experimental procedures, methods of measurement of CPO, and calculation of seismic anisotropy are described in Text S1 and S2.
Results

Microstructures
The representative deformed amphibolites produced after conducting the experiments are shown in Figure 2 . In the sample deformed at low shear strain (Figure 2a ), the grains of amphibole and plagioclase were elongated and had rotated depending on the shear strain. But, most of grains were fractured with a grain size of maximum 10 μm. Some small faults were visible and strain localization was rarely observed. In the sample deformed at high shear strain (Figure 2b ), most grains were highly elongated with the grain size ranging from several micrometers to several hundred nanometers. Microfractures were still visible, and deformation was highly localized. Some of the large amphibole cores (grain size~10 μm) with a round shape had remained in the deformed layer, but their proportion had decreased compared with the samples with low shear strain.
CPOs of Amphibole
Three types of amphibole CPOs were observed after the deformation experiments at P = 0.5 GPa and T = 500-700°C (types I + II, II, and IV; Figure 1b ). The CPO development of amphibole corresponded with the magnitude of the shear strain. At low shear strain (γ ≤ 2.1), type II and mixed type I + II CPOs were observed (Figure 1b ). In sample JH117, type II CPO was observed at the lowest experimental temperature (500°C; Figure 1b ). In sample JH157, a mixed CPO of types I and II was observed at the intermediate temperature (600°C; Figure 1b ). This mixed CPO displayed [100] axes of amphibole aligned subnormal to the shear plane and [001] axes aligned subnormal and subparallel to the shear direction. At high shear strain (γ ≥ 3.0), the type IV CPO was found at temperatures of 500, 600, and 700°C ( Figure 1b) . The CPOs of all other samples have been shown in supporting information Figure S2 . A sample with shear strain γ~2.5 showed a mixed CPO type I + II, with weak girdles of (110) poles and [100] axes (JH104). The CPOs of other two samples (JH165 and JH168), deformed at high strain (γ~3.7 and 3.1, respectively), are similar to the type IV CPO, but their (110) poles and [100] axes are distributed as a relatively weak girdle subnormal to the shear direction. Following deformation experiments, the Kikuchi bands of plagioclase and biotite were too weak to measure CPO, and the amount of ilmenite and titanite was too small to plot pole figures with meaningful information.
Seismic Velocity and Anisotropy
Seismic velocity and anisotropy for each representative CPO type of amphibole are shown in Figure 3a . In all samples, the slowest velocity of the P wave was aligned subnormal to the shear direction (white small circle in Figure 3a ), and the fastest P wave velocity was aligned subparallel or subnormal to the shear direction (black square in Figure 3a ). The type II CPO showed the strongest P wave anisotropy (12.5%) and the maximum S wave anisotropy (10.7%). The mixed type I + II CPO showed a P wave anisotropy and a maximum S wave anisotropy of 5.7-10% and 5.1-7.9%, respectively. The samples with type IV CPO showed a weak P wave anisotropy (4.0-7.3%) and the weakest maximum S wave anisotropy (2.7-4.8%) (Table 1) . For horizontal flow (Figure 3a) , the P wave velocity and S wave anisotropy for vertically propagating seismic waves are very low. The polarization direction of the fast S wave for the horizontal flow of amphibole was aligned subparallel to the shear direction (Figure 3a ). We also calculated the effect of the dipping angle of the flow on seismic anisotropy of amphibole and the polarization direction of the fast S wave (Figure 3b ). If the dipping angle of the flow was larger than 30°, the P wave velocity and S wave anisotropy for vertically propagating seismic wave (at the center of the stereonet in Figure 3b ) increased, and the polarization directions of the fast S wave for vertically propagating seismic wave were aligned subnormal to the shear direction (Figures 3b,  S5, and S6) . 
Discussion
Microstructures
All the deformed samples showed that amphibole, plagioclase, ilmenite, and titanite were elongated on a macroscopic scale. However, on a microscopic scale, fractures were visible inside the grains (Figure 2 ). Some large amphibole cores still remained in the highly deformed layer. In some amphibole cores, intracrystalline microfractures had propagated into fine grains. These macroscopically ductile but microscopically brittle deformations indicate that cataclastic flow was the dominant amphibolite deformation mechanism in this study. This observation has been suggested in many previous studies (Allison & Tour, 1977; Babaie & La Tour, 1994; Hacker & Christie, 1990; Imon et al., 2004; Ko & Jung, 2015; Nyman et al., 1992) .
CPOs of Amphibole
By conducting deformation experiments on amphibole in simple shear at high pressure (0.5 GPa) and temperatures (500-700°C), we found that the development of type IV CPO of amphibole was dependent on the magnitude of the shear strain. In our study, the type IV CPO was observed under high shear strain (γ > 3.0). In samples deformed under high shear strain, a mixture of coarse-grained and fine-grained amphiboles was observed (Figure 2b) . For example, the fine-grained amphiboles in sample JH132 exhibited the distribution of [100] axes as a weak girdle subnormal to the shear direction with the maximum concentration near the center of the pole figure (Figure S3 ). In contrast, the coarse-grained amphiboles exhibited the alignment of [100] axes subnormal to the shear plane ( Figure S3 ). This finding indicates that the girdle distribution of [100] axes of amphibole shown in the type IV CPO was produced due to a mixture of the alignments of [100] axes with different grain sizes.
Type IV CPO of amphibole has been observed in previous studies of natural rocks deformed under highstrain zone and/or mylonitized shear zone in the middle crust (Imon et al., 2004; Lamarque et al., 2016; Tatham et al., 2008) , fault block area (Ji et al., 1993) , and plate convergence zone (Aspiroz et al., 2007; Cao et al., 2010) , and these natural amphibolites showed a similar finding of a wide range of grain size distribution and/or a small grain size of amphibole in mylonitic rocks to that in our study. For example, Aspiroz et al. (2007) reported type IV amphibole CPO in the El Rellano amphibolite, showing a core-mantle structure. The grain size of the core amphibole in their study was large (400 μm to 2 cm), while the grain size of the mantle part was small (15-400 μm). In the study by Cao et al. (2010) , the fine amphibole grains showed a weak girdle distribution of [100] axes, while the amphibole porphyroclasts showed strong [100] axes alignment subnormal to foliation. In the study by Imon et al. (2004) , type IV CPOs of amphibole were also observed in samples with a broad spectrum of grain sizes, while type I CPO was observed in the samples with a narrower grain size spectrum. Imon et al. (2004) suggested that the type IV amphibole CPO was produced due to rigid body rotation in the cataclastically flowing fine-grained matrix during cataclastic deformation. This finding is in good agreement with the observations for our samples in this study.
The other CPO types of amphibole (type II and mixed type I + II) were found under low shear strain (γ < 2.1) in this study. In the samples with low shear strain, localized strain zones were relatively rare and the grain size of amphibole was relatively homogeneous and larger than that in the samples with high shear strain. Note. Diff. σ = differential stress; γ = shear strain; _ γ = shear strain rate; AV p = anisotropy of P wave velocity; Max. AV s = maximum anisotropy of S wave velocity. a CPO type of amphibole.
Types II and III CPOs, which are similar to mixed type I + II, have not been commonly reported in previous studies on natural rocks. In the previous studies that reported the type II or III CPO of amphibole, it was suggested that the dominant deformation mechanisms of amphibole are rigid body rotation (Aspiroz et al., 2007; Cao et al., 2010; Elyaszadeh et al., 2018; Okudaira et al., 2015) and cataclastic flow (Aspiroz et al., 2007) .
Here we propose a basic process for developing CPOs of amphibole at the pressure of middle crust (P~0.5 GPa). During the early stage of deformation (γ < 3.0), the largest planes of amphibole single crystal, (110) planes, aligned subparallel to the shear plane and [100] axes aligned subnormal to the shear plane and then the longest axes of amphibole, [001] axes, aligned subparallel to the shear direction through rigid body rotation of amphibole in cataclastic flow. When the amphibole is further deformed (γ > 3.0), grain size decreases, and (110) planes and [100] axes dispersed along the direction subnormal to shear direction (type IV) by rigid body rotation during cataclastic flow.
Implications for Seismic Velocity and Seismic Anisotropy
The velocities of P waves (V p ) and the fastest S waves (V s1 ) passing through the [100] axes of hornblende are 6.10 and 3.40 km/s, respectively (Ko & Jung, 2015; Weiss et al., 1999) , which are 85% (V p ), 78% (V s1 ) and 77% (V p ), 79% (V s1 ) of the velocities through [010] axes and [001] axes of hornblende, respectively. Therefore, the orientation of the [100] axes of hornblende, whose seismic velocities are significantly slower than those of other axes, is critically important in determining seismic anisotropy of hornblende. While the [100] axes of the CPO types I, II, and III of amphibole were aligned subnormal to the shear plane (Ko & Jung, 2015) , the [100] axes of the type IV CPO were distributed as a girdle subnormal to the shear direction.
The seismic velocities and anisotropy of the representative samples in this study are shown in Figure 3 . The samples showing type IV CPO produced P wave anisotropies of 4.0-7.3% and maximum S wave anisotropies of 2.7-4.8% (Figure 3a and Table 1 ). These seismic anisotropies are much lower than those of type II and mixed type I + II CPOs (Figure 3a ) and many other crustal rocks (e.g., Almqvist & Mainprice, 2017; Ji et al., 2015) . Our data indicate that the type IV CPO of hornblende, which is produced in a high-strain zone in the midcrust (P~0.5 GPa), will induce a weak seismic anisotropy. In fact, in many previous studies, this weak seismic anisotropy was observed in the midcrust (about 5-to 20-km depths), while strong seismic anisotropy was observed in the lower crust (Lamarque et al., 2016; Ozacar & Zandt, 2004; Savage, 1998; Sherrington et al., 2004) . For example, Lamarque et al. (2016) reported a weak seismic anisotropy in the crust under the Mertz shear zone, East-Antarctica. Although they attributed this weak anisotropy to low contents of amphibole and biotite, some amphibolite facies samples in their study showed high proportion of amphibole (up to 55%). Our finding of type IV CPO could be invoked to explain this weak seismic anisotropy in the shear zone.
The polarization directions of the fast S waves (V s1 ) for horizontal flow (Figure 3a ) are subparallel to the shear direction but are mostly aligned subnormal to the shear direction if the flow dips at an angle of 30°( Figure S5 ) or more (Figures 3b and S6 ). This V s1 polarization direction, which is aligned subnormal to the shear direction, can contribute to the trench-parallel seismic anisotropy of S wave in the subduction zones observed in the world (Eberhart-Phillips & Reyners, 2009; Huang et al., 2011; Long, 2013; Wölbern et al., 2014) . Similar results for S wave anisotropy were reported for the types I, II, and III CPOs of hornblende based on the deformation experiments of amphibolite at a pressure of 1 GPa (Ko & Jung, 2015) , which corresponds to a depth of approximately 30 km. In this study, we showed that the type IV CPO of amphibole can also produce a similar trench-parallel seismic anisotropy at the midcrust depth (P = 0.5 GPa), which indicates that all the CPO types of hornblende found to date (P = 0.5-1.0 GPa) show a trench-parallel seismic anisotropy. This observation verifies the suggestion of Ko and Jung (2015) that amphibole produces significant delay times with trench-parallel seismic anisotropy in subduction zones.
The other minerals in amphibolite, such as plagioclase, mica, and other major minerals in crustal rocks, such as quartz and alkali feldspar, should also be considered to investigate seismic features in the crust. Although plagioclase, alkali feldspar, and quartz are very abundant in the crust (Almqvist & Mainprice, 2017; McLennan & Taylor, 1999; Nesbitt & Young, 1984; Ronov, 1967) , they showed very weak seismic anisotropy in previous studies due to their weak CPO strength (Tatham et al., 2008) . Mica and clay minerals are elastically very anisotropic minerals in the crust (Almqvist & Mainprice, 2017) . Although they are scarce in the middle to lower crust, they can strongly influence seismic anisotropy (Almqvist & Mainprice, 2017; Lloyd et al., 2009; Lloyd et al., 2011; Mahan, 2006; Meissner et al., 2006; Shapiro et al., 2004) . It is reported that [001] axes of mica are usually aligned normal to foliation and/or shear plane (e.g., Ji et al., 2015) . This CPO of mica induces the lowest direction of V p and AV s aligned normal to the foliation, which is similar case for the types I, II, and III CPOs of amphibole. Thus, if mica is considered in amphibolite, seismic anisotropy (AV p and AV s ) will be slightly larger, but the directional components of seismic waves (directions of the fastest/slowest P waves and the maximum/minimum AV s ) would be similar to that of amphibole alone.
Conclusion
The genesis of a new CPO (type IV) of amphibole was investigated by conducting shear deformation experiments on amphibolite under 0.5 GPa pressure and 500-700°C temperatures. The type IV CPO of amphibole is characterized with [100] axes forming a girdle subnormal to the shear direction and was found under high shear strain (γ > 3.0), pressure (0.5 GPa), and temperature (500-700°C) conditions. The girdle distribution of the [100] axes of amphibole was caused due to a wide range of grain size and/or a small grain size. On the other hand, the type II CPO was found under low shear strain (γ < 3.0) and temperature (500°C) conditions, and the mixed CPO type I + II was found under intermediate shear strain (γ~2.5) and temperature (600°C) conditions. The type IV CPO of hornblende showed very weak seismic anisotropies of the P wave (AV p = 4.0-7.3%) and maximum S wave (AV s = 2.7-4.8%). However, the type II CPO of amphibole showed the strongest P wave (12.5%) and maximum S wave (10.7%) anisotropies. The reason for weak seismic anisotropy in the type IV CPO of amphibole compared with other CPO types is the distribution of the [100] axes of amphibole as a girdle subnormal to the shear direction. This remarkably weak seismic anisotropy of the type IV CPO of amphibole may be important for interpreting low seismic anisotropy in localized zones of the middle crust.
